Broadband terahertz (THz) radiation with extremely high peak power, generated by the interaction of femtosecond laser with a thin solid target, has been investigated via particle-in-cell simulations. The spatial (angular) and temporal profiles of the THz radiation reveal that it is caused by the coherent transition radiation emitted when laser-produced hot electrons pass through the front or rear surface of the target. Dependence of the THz radiation on laser and target parameters is studied; it is shown to have strong correlation with hot electron production. The THz radiation conversion efficiency can be as high as a few times of 10 -3 . This radiation is not only a potentially high power THz source, but may also be used as a unique diagnostic of hot electron generation and transport in relativistic laser-solid interactions.
or gas targets [8] [9] [10] [11] [12] [13] . The radiation mechanisms are often different for interactions with solid and gas targets. Radiation efficiency and peak THz radiation power with solid targets can be much higher than those of gas targets, since more laser energy can be deposited into a small plasma volume in this case and more energetic electrons are involved in the radiation process.
In a previous study 14 , we have shown that strong THz radiation, with a peak electric field as high as hundreds of MV/cm, can be obtained with a solid target irradiated by a femtosecond laser pulse of relativistic high intensity. It is attributed to the coherent transition radiation (CTR) 15 by hot electrons produced during the laser-solid interaction, when they cross the front and rear surfaces of the target. In the scheme of producing THz radiation by electron beams produced by a conventional accelerator, e.g., by sending an electron beam through an aperture 4, 16 , the radiation field strength reaches only tens of MV/cm. With the method of ultrashort laser-solid interaction, although most electrons have a moderate energy around 1MeV or less, the THz radiation can reach hundreds of MV/cm and higher. As the electron bunches typically have an ultrashort duration close the laser duration, transition radiation from the electron bunches becomes coherent 15 , with a power proportional to N 215 , where N is the number of hot electrons. In laser-solid interaction, the electron charge in an electron bunch can be as high as nC, which is much higher than the charge of an accelerated electron beam in a traditional accelerator 16 .
In this work, we present detailed studies on the features of the THz radiation in high power laser-solid interaction via CTR. The spatial (angular) and temporal profiles of the radiation and their relation with laser and plasma parameters will be examined. A theoretical model is given in Sec. II. In real situation of laser-solid interactions, the THz radiation power, frequency spectra, angular distribution depend upon the laser and plasma parameters, which can only be determined by selfconsistent numerical simulations such as particle-in-cell (PIC) simulations. Detailed numerical results from PIC simulations will be presented in Sec. III, where a comparison with some recent experimental observations is made. A summary is given in Sec. IV.
II. THEORY OF COHERENT TRANSITION RADIATION BY HOT ELECTRONS
Transition radiation of electromagnetic waves is found when a charged particle crosses the interface of two different media or travels in a non-uniform media 17 . In the incidence plane, the energy spectrum of the transition radiation by a single electron passing through a target surface can be written as 15 : ,
where e is the electron charge, c is the light velocity in free space, is the electron velocity normalized to c, is the electron injection direction, is the observation direction, and .
We plot the angular distributions of intensity spectrum of the transition radiation in Fig.1 . In subplot (a), the electron injection direction is 20 o ; it can be seen 3 that the radiation vanishes near this angle. Two asymmetric peaks are found at the two sides away from this angle, where the larger peak locates at the electron injection side. When the electron has low energy, e.g., 0.2MeV, the radiation is emitted in a large angular range, and is strongest along the target surface as shown in Fig.   1(a) . When the electron carries larger kinetic energy, the radiation becomes more collimated and close to the electron injection direction. 
III. SIMULATION RESULTS
As mentioned in the previous section, self-consistent PIC simulation provides an accurate description of CTR as a function of the laser and plasma parameters, which can help to guide future experimental studies. This is due to the fact that the key parameters determining CTR such as number of energetic electrons, bunch duration, their angular distribution and energy spectrum all depend upon the laser and plasma parameters. The plasma has a density scalelength of L=0.4 0 .
In the simulation, we have taken a laser pulse , which leads to a hollow zone of THz radiation around this angle. This is reiterated in Fig. 4 (see below).
The broad angular distributions of the radiation can be attributed to the relatively low electron energy of the hot electrons. With these laser setup parameters, the average kinetic energy of the hot electrons is generally at the order of a hundred keV. The transition radiation of a single electron with moderate energy, such as E k =0.5MeV, is emitted in a wide angle range according to Fig. 1(b) .
Furthermore, as hot electrons in laser plasma interactions have a divergence angle and large energy spread, typically with a quasi-thermal energy distribution, this naturally leads to broad angular distributions of the produced CTR. Note that the peak power of the radiation at the rear side of the target is higher than that at the front side, suggesting that there are more electrons with higher energy passing through the rear surface, which will be shown in Sec. III C. Stronger than the backward radiation, the forward radiation, shown in Fig. 3(d) , has a minimum zone around 15 o as well, which is about the direction of transmitted hot electrons.
Modulations of the spectra in frequency, seen in Figs.
3(e) and 3(f), are due to the multiple pulses of the radiations, while the separation between the neighboring peaks of the spectrum modulations depends on the time interval of the pulses, notei.e., depends on the target thickness. For example, in Fig. 3(e) , it is f 0 c/2D=17THz.
Modulations of the spectra in angle, particularly at large angles, are observed in Figs. 3(e) and 3(f) as well, which is due to the superposition of the forward and backward emissions when they meet at the two ends of the target.
B. Effects of the incident laser intensity and spot size
According to the theory of transition radiation, fast electrons with a stronger energy will emit more collimated transition radiation. Therefore, we explore this 
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, which suggests that the ejecting angles of fast electrons increase with the fast electron energy (and therefore with the incident laser intensity). 
C. Preplasma effects
In ultrashort laser interaction with solid targets, the preplasma condition, in particular, the preplasma density scalelength in the front of the target is a key parameter for hot electron production, including their number and average energy. The preplasma can also significantly change the hot electron transport after the laser interaction. Thus the preplasma scalelength can play a significant role for THz radiation. Hot electrons are produced most efficiently by collisionless collective effects, such as resonance absorption 22 , vacuum heating 23, 24 , two-plasmon decay instability electrons is much more than backward ones according to Fig. 7(d) , the intensity of forward radiation can be 3 times of the backward radiation.
In order to show the behavior of hot electrons under different preplasma conditions, temporal evolution of the kinetic energy of the hot electrons is plotted in Fig. 8 .
When L=0.4 0 as in Fig. 8(a 
D. Effects of target thickness and density
The forward THz radiation from the target back will not be observed when the target is thick, because hot electrons deplete their energy during their transport in plasma. If a thin target is used, not only forward THz radiation is produced, second pulses of forward and backward THz radiations are also emitted. Since forward hot electrons carry much higher energy than the backward ones, the second pulse of the backward radiation (produced by the refluxing of forward electrons) can be stronger than the first backward pulse. Figure 10 shows the radiation intensity and electron kinetic energy of the first pulse as functions of the target thickness. Note that only the quantities associated with the first pulse is of interest, as they are produced directly by the laser interaction. As expected, the thickness of the target does not change the first pulse of the backward THz radiation (red line). However, for the generation of forward THz radiation (black line), an optimal thickness of the target is found at about 8 0 in Fig. 10(a) , where a 20% increase of THz radiation is found as compared to the case of very thin targets. This can be explained as follows. target, the distance is too short for hot electrons to deposit their energy to make more hot electrons, where as in a thick target, the hot electrons will lose too much of their energy during the long propagation. As a result, there is an optimal distance that the energy and number of hot electrons are most advantageous to the generation of transition radiation. Since the electron energy depends on the laser intensity, the optimal thickness depends on laser intensity, too. Note that the primary backward hot electrons at D=3 0 in Fig. 10(b) is not plotted, because the target is too thin that the primary backward electrons overlap with the returning ones and is therefore difficult to distinguish them.
Besides the parameters we have discussed earlier, the effect of maximum plasma density on the generation of THz radiations is also considered. As the maximum plasma density is changed from 10n c to 110n c while keeping other parameters fixed, there is no obvious change observed in the intensity or profile of the THz radiations. On the other hand, when different target materials are used in experiments, all laser plasma interaction parameters will be changed, including the maximum plasma electron density and preplasma conditions. Therefore, the generated THz radiation may be considerably different.
E. Comparison with some experimental observations
We have found the profiles and properties of THz radiation in some experiment reports match well with the CTR mechanism. For example, Gopal et al. According to the transition radiation distribution shown in Fig. 1(a) , the radiation will spread broadly in space.
IV. SUMMARY
We have reported a mechanism of strong THz sources produced by ultrashort high intensity laser interaction with solid targets via coherent transition radiation. The generation of hot electrons is found to be a critical factor for this mechanism. When the density scalelength of the preplasma is optimized (e.g., by proper control of laser contrast ratio), the peak THz radiation field can reach 400MV/cm, although the driving laser is at a moderate intensity of 7.7 ×10 
